We demonstrate the two-photon resonant excitation of the doubly excited 2p 2 1 S state in helium atoms by the combination of 29.5-and 32.6-eV harmonic photons. Our ab-initio calculation confirms the nonlinear excitation by high harmonics. Development of ultrashort pulse lasers has led to the generation of coherent extreme-ultraviolet (XUV) and soft xray (SXR) light. Although the usefulness of XUV nonlinear spectroscopy is rather obvious, to go beyond the linear region is not possible with synchrotron orbital radiation (SOR), since the available peak intensity is very limited due to the lack of temporal coherence. Yet, the available intensity is not sufficient, and as a result, experimental investigation of nonlinear optics in the XUV or SXR region has been a rather uncharted territory so far. Further development of high harmonics by femtosecond lasers has paved the way for XUV nonlinear optics in the last few years: Above-threshold ionization (ATI) was observed and attosecond pulses were characterized using the ATI process [1, 2] . Note that all these experiments are based on the non-resonant processes in that neither bound nor autoionizing states are resonantly involved during the ionization processes. If we are to use XUV pulses from the high harmonics for ultrafast nonlinear XUV spectroscopy, a two-photon resonant excitation to the final state of interest is greatly desired, since highly excited states of atoms and molecules, which cannot be reached by the onephoton process from the initial state due to the parity selection rule, will be within reach by the two-photon process. Experimental observation of two-photon resonant excitation of a doubly excited state by high-harmonic pulses would serve as a cornerstone for ultrafast XUV nonlinear spectroscopy.
Development of ultrashort pulse lasers has led to the generation of coherent extreme-ultraviolet (XUV) and soft xray (SXR) light. Although the usefulness of XUV nonlinear spectroscopy is rather obvious, to go beyond the linear region is not possible with synchrotron orbital radiation (SOR), since the available peak intensity is very limited due to the lack of temporal coherence. Yet, the available intensity is not sufficient, and as a result, experimental investigation of nonlinear optics in the XUV or SXR region has been a rather uncharted territory so far. Further development of high harmonics by femtosecond lasers has paved the way for XUV nonlinear optics in the last few years: Above-threshold ionization (ATI) was observed and attosecond pulses were characterized using the ATI process [1, 2] . Note that all these experiments are based on the non-resonant processes in that neither bound nor autoionizing states are resonantly involved during the ionization processes. If we are to use XUV pulses from the high harmonics for ultrafast nonlinear XUV spectroscopy, a two-photon resonant excitation to the final state of interest is greatly desired, since highly excited states of atoms and molecules, which cannot be reached by the onephoton process from the initial state due to the parity selection rule, will be within reach by the two-photon process. Experimental observation of two-photon resonant excitation of a doubly excited state by high-harmonic pulses would serve as a cornerstone for ultrafast XUV nonlinear spectroscopy.
In this paper, we report the first experimental observation of two-photon resonant excitation to the doubly excited state of helium atoms by XUV harmonic photons together with our ab-initio theoretical results. Here, we focus on the helium atom as a nonlinear optical medium, since it is the simplest three-body system consisting of an atomic nucleus and two electrons, which can be rigorously treated in the theoretical description. One of the interesting properties of helium atoms is the presence of doubly excited states. All the doubly excited states of helium atoms are located far above the ionization threshold, and hence they autoionize. Although the doubly excited states of helium were first observed more than forty years ago using SOR, they are still under extensive investigation because helium is a proto-type system with electron-electron correlations.
Here, we focus on the 2p 2 1 S state, because the excitation energy is 62.1 eV and corresponds to the summed energy of the 19th and 21st harmonics. The 2p 2 1 S state is known to decay into a 1sεs continuum state through the autoionization with a lifetime of 140 fs. Therefore, if we are able to resonantly excite the 2p 2 1 S state by two-photon (19th and 21st harmonic) absorption, we should be able to confirm the process by detecting autoionizing electrons in the s wave at a kinetic energy of 37.4 eV.
The experimental setup for the two-photon excitation was as follows: 800-μJ, 30-fs Ti:sapphire (TiS) laser pulses at a repetition rate of 1 kHz were focused on a pulsed jet of argon gas. The peak intensity for high-harmonic generation was 2.5 × 10 14 W/cm 2 . The photon energies of high harmonics were adjusted by changing the amount and sign of the chirp through the pulse compressor of the TiS laser system. The 19th and 21st harmonics were separated from the fundamental laser by an Al filter and then focused into helium atoms by a concave Sc/Si multilayer mirror with a focal length of 5 cm. The center wavelength of this mirror was 42 nm with a 4-nm bandwidth. The kinetic energy of the ejected electrons was analyzed by a time-of-flight-type electron spectrometer with a magnetic-bottle. Light polarization is a very important parameter to confirm the resonant excitation to the doubly excited 2p 2 1 S state. Therefore, the direction of linear polarization of the high-harmonic pulses was rotated by the rotation of linear polarization of the fundamental laser beam with a half-wavelength plate.
The electron spectra of helium for the kinetic energy between 28 and 42 eV were measured and are shown in Fig. 1 with error bars. In Fig. 1 , the solid and broken lines represent the results for the parallel and perpendicular linear polarization geometries, respectively. Although the 37th to 41st harmonics are far out of the designed reflectance bandwidth of the Sc/Si mirror and must be already extremely weak at the target, the huge peaks by those harmonics appear in the spectra, since they originate from the one-photon processes. Nevertheless, the signal with a kinetic energy of about 37 eV, shown by the hatched area in Fig. 1 , seems to originate from the two-photon resonant excitation of the doubly excited 2p 2 1 S state, which must be confirmed. We have confirmed the excitation of the 2p 2 1 S state by two completely different experimental methods: In the first confirmation method, we shifted the harmonic spectrum to the lower photon energies and checked the change of the electron spectrum. The excitation efficiency of the 2p 2 1 S should becomes smaller when we employ the harmonics with lower photon energies, because the spectral intensity that can participate to excite the 2p 2 1 S state was reduced. Consistent with this argument, the number of electrons with a kinetic energy of about 37 eV indeed decreased. In the second confirmation method, we made use of the angle-dependence of the ejected electrons by the one-and two-photon processes. Since the 2p 2 1 S state necessarily decays into the 1sεs continuum state through autoionization, the ejected electrons are the εs electrons with an isotropic spatial distribution upon ejection. This means that the two-photon resonant signal has no polarization dependence, which is indeed what we find in Fig. 1 . For further confirmation, we have also undertaken ab-initio theoretical calculations by solving the timedependent Schrödinger equation for the helium atom with two active electrons [3] . The solid and broken lines in Fig.  2a represent the calculated electron spectra associated with the two-photon absorption followed by the electron ejection into the εs and εd waves, respectively. For clarity, in Fig. 2a , we have omitted the electron signals originating from the one-photon processes by the subsidiary harmonics. Some of the distinct resonant peaks, such as 2s 2 Fig. 2a . To be more realistic, we now include the electron signals originating from the one-photon processes by the subsidiary harmonics, and applied a window function with a 420 meV width of the Gaussian function. After taking into account the anisotropic and isotropic spatial distribution of the electron ejection by the one-and two-photon ionization, respectively, the calculated results are shown in Fig. 2b for the parallel and perpendicular linear geometries. The peak associated with the resonant two-photon excitation of the doubly excited 2p 2 1 S state can be clearly seen in Fig. 2b . This theoretical finding is quite consistent with the experimental results in Fig. 1 , and again we have confirmed that the 2p 2 1 S state has been successfully excited through the two-photon resonant processes. Our results can serve as a doorway toward ultrafast XUV nonlinear spectroscopy in that highly excited states of atoms and molecules, which have never been accessed by the one-photon process via SOR due to the parity selection rule, will become within reach by the two-photon process.
